Reverse transcription of small subunit ribosomal RNA (srRNA) was used to determine the partial nucleotide sequences of the srRNA of seven isolates of Acanthamoeba. These seven sequences and the sequence of the corresponding region in an A. castellanii previously totally sequenced were compared in order to investigate evolution of the srRNA gene in Acanthamoeba. The results of the comparisons were consistent with the hypotheses that the genus is monophyletic, that the Pussard and Pons grouping system is valid, that the Acanthamoeba expansion segments in the srRNA gene evolve at a much faster rate than the rest of the gene, and that the extent of nucleotide sequence divergence in the genus Acanthamoeba is roughly similar to that differentiating vertebrates and invertebrates.
Introduction
The genus Acanthamoeba is composed of free-living amoebae which are common in soil and in marine and fresh waters. There are more than 20 nominal species, erected mainly on the criterion of cyst morphology, but the validity of most of these is uncertain. Opportunistic pathogens, responsible for amoebic encephalitis (Simon & Wilson, 1986) or keratitis (Stehr-Green et al., 1989) , have been assigned to several species. Pussard & Pons (1977) divided Acanthamoeba species into three groups, based on cyst morphology. Group I consists of relatively large (cyst diameters greater than 18 pm) Acanthamoeba spp., with distinctly stellate endocysts. The ectocyst is smooth, more or less spherical, and coincident with the endocyst at the end of each ray, where there is an excystment pore. Group I1 and group I11 species are smaller (cyst diameters less then 19 pm) Acanthamoeba spp. Group I1 Acanthamoeba spp. have polygonal to stellate endocysts and irregular or wrinkled ectocysts. Pores occur in a depression in the ectocyst, at ~~~ ~ Abbreuiations : IrRNA, large subunit ribosomal RNA ; srRNA, small subunit ribosomal RNA.
The nucleotide sequence data reported in this paper have been submitted to GenBank and have been assigned the accession numbers M33241-M33261 inclusive. the angles of the endocyst wall. Group I11 consists of Acanthamoeba spp. with rounded or slightly angular endocysts, with the ectocyst thinner and smooth or slightly wrinkled. The two walls are less widely separated than those in the other groups, so that pores occurring where the ends and ectocyst coincide are often obscure.
However, isoenzyme studies indicate that these morphological features are not reliable specific characters (Costas & Griffiths, 1980 , 1985 Daggett et al., 1982; De Jonckheere, 1983) . In particular, the number of pores, which has been used to differentiate some species, can vary with culture conditions such as the ionic composition of the medium (Sawyer, 1971) . Costas & Griffiths (1 986) considered that the variation among some Acanthamoeba species overlaps so extensively that they should be regarded as species complexes for which the binomial nomenclature is 'inappropriate'.
Genetic comparisons at the nucleic acid level have become a powerful tool for solving phylogenetic problems. Sequencing of small subunit ribosomal RNA (srRNA) has already been used to study protists, demonstrating, for example, that the rhizopodan groups represented by Naegleria, Acanthamoeba and Dictyostelium are not monophyletic (Clark & Cross, 1988; Baverstock et al., 1989) . It has also been shown that the extent of divergence among Naegleria species is similar to that between mammals and frogs . Restriction endonuclease patterns of ribosomal DNA have confirmed the genetic diversity of Naegleria species, and have shown that the type species of the genus, N . gruberi, is a polyphyletic complex of species (Clark et al., 1989) .
In the only Acanthamoeba species studied by such techniques, A . castellanii, the srRNA molecule is characterized by several large expansion segments, making it one of the largest known srRNAs (Gunderson & Sogin, 1986) . These additional segments of nucleotides are the apparent reason for the increase in size of eukaryotic large subunit ribosomal RNA (1rRNA) and srRNA (Clark, 1987; Spencer et al., 1984; Hassouna et al., 1984; Gonzalez & Schmickel, 1986) . They have been variously referred to as D (divergent) regions (Hassouna et al., 1984) , V (variable) regions (Spencer et al., 1984) , and expansion segments (Clark et al., 1984) . We believe that the latter terminology is the most appropriate, and it will consequently be used here.
Given the genetic heterogeneity among members of the genus Naegleria and the apparent morphological differences among Acanthamoeba species, this study was undertaken with four aims: (1) to determine the extent of srRN A gene variation in the genus Acanthamoeba ; (2) to test the correlation of srRNA sequences with the three morphological groups of Pussard & Pons (1977) ; (3) to test the monophyly of the genus Acanthamoeba; and (4) to determine whether species of Acanthamoeba in general possess the expansion segments characteristic of A , castellanii and compare the level of variation in the expansion segments with that in more conserved regions.
Methods
Amoebaf strains and growth conditions. Seven isolates, representing the three morphological groups and therefore the greatest presumed diversity, were chosen for study (Table 1 ). All came from the culture collection of the State Water Laboratory. Five isolates were the type strain or most widely used reference strain for separate species. A sixth isolate (AC-151) was an unidentified group I Acanthamoeba (nr. A . astronyxis) with a higher temperature tolerance than is usual for this group. The seventh isolate (AC-102) was an undescribed group I1 Acanthamoeba (Pussard & Pons, 1977) with predominantly naviculate cysts. AC-013 was derived from the well-studied NEFF strain of A . casteffanii, but has been in culture in Australia for at least 17 years.
Amoebae were grown at 30°C in PYNFH medium modified as described in the ATCC Media Handbook (American Type Culture Collection, 1984) . Most strains were harvested every 48 h from the tissue culture flasks and centrifuged at 1500g for 10 min. The pellet was resuspended in 9 vols guanidine hydrochloride buffer and stored at -20 "C until the RNA was extracted. Strain AC-102 grew more slowly than the others in axenic culture, and the interval between successive harvests from the culture flasks was 4 to 5 d.
Extraction of RNA. Total cellular RNA was extracted from the amoebae by thawing the pellets in the presence of 6M-guanidine hydrochloride, 0.2 M-sodium acetate pH 5.4, and 1 mhl-2-mercaptoethanol and homogenization in a tissue grinder. The procedure has been described in detail elsewhere (Brooker et af., 1980; Johnson et af., 1986) .
Sequencing. Reverse transcription of the total cellular RNA of the amoebae using three primers (A, GA/TATTACCGCGGCG/ GTGTGTA/GC) has been described elsewhere (Qu et al., 1983; Lane et al., 1985) . These primers bind to sequences almost universally conserved in prokaryotes and eukaryotes. They cover nucleotide positions 11 14-1 131, 2298-2317 and 3389-3404, respectively, as listed by Dams et af. (1988) . The DNA generated was sequenced by the deoxy/dideoxy chain-termination method, fractionated on 6% (w/v) polyacrylamide/8 M-urea nongradient gels, 0.4 mm thick, and visualized by autoradiography of the 35S gels with X-ray film . At least three sequencing reactions and determinations were carried out for each primer to ensure the accuracy of the nucleotide sequences obtained.
Extent of nucleotide sequence divergence. Sequences obtained here were aligned by eye with each other and with the published sequence of A . casteffanii. Because our study of nucleotide sequence divergence focuses on nucleotide substitutions within and outside the expansion segments, we measured nucleotide sequence divergence as the number of nucleotide substitutions per se. Thus gaps did not score as a nucleotide substitution difference in this analysis. TGCTG; B, CCGTCAATTCA/CTTTA/GAGTT; C, ACGGGCG-Phyfogenetic analyses. Phylogenetic relationships among the strains of Acanthamoeba were assessed using DNAPARS in the PHYLIP package (version 3.1) of J. Felsenstein. Gaps were treated as a fifth character. The robustness of the parsimony analysis was assessed by bootstrapping the data 20 times (Felsenstein, 1985) , using DNABOOT, also in the PHYLIP package. 
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Results
The sequences obtained from the A-, B-and C-primers of Acanthamoeba are shown in Fig. 1 . They were aligned by eye with each other and with the published sequence for A . castellanii of an unspecified strain (Gunderson & Sogin, 1986 ). This strain is referred to as AC in the analysis described here. ......................X.-...~..........-...XXXX.... . . . . . . . CG.X ... .. X...........X...........................- . C..................,.C 
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Presence of expansion segments
The srRNA of A . castellanii is characterized by a number of large expansion segments (Gunderson & Sogin, 1986) . These regions are underlined in Fig. 1 . One of these expansion segments is close to and upstream from the Bprimer, and was therefore accessible by the reverse-transcription method described here. All eight isolates studied here possess an expansion segment in precisely the same position (Fig. 1 b) . Although there is considerable variation among the species in both the size and base sequence of this expansion segment, sufficient similarity remains to be reasonably certain that the expansion segments are truly homologous, with the 
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AC-102 AC-014 AC-001 AC-151 AC-009 . U.......X...-,.............. . x...........u.........,.. . U..XX........UG...............C.......... . For example, all strains except AC-151 and AC-009 possess the sequence AAXUAC at the start of the expansion segment in AC and AC-009 possesses the sequence GGCAGGCGCG in common with AC in the middle of the expansion segment. A second expansion segment occurs upstream from the C-primer, but its entire length was accessible to the reverse transcription technique only for AC-001 and AC-009 (Fig. lc) . In both strains the expansion segment occupied the same position as in A C . For AC-001, the expansion segment showed strong homology with that of AC at the 5' end. Homology of the expansion segment in AC-009 was less certain. Because we were unable to sequence sufficient of the C-region of the remaining strains to find homologous flanking regions, the presence of the expansion segment in these strains is less certain. However, there is reasonable homology between the 3' end of the expansion segment of AC and the presumed homologous regions of AC-0 10, AC-102, and AC-0 14 , suggesting that these strains also possess the expansion segment.
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Nucleotide sequence divergence among strains
An assessment of the extent of nucleotide sequence divergence among strains is constrained somewhat by a small inherent inaccuracy of the reverse transcriptase method of about 1 % (Lane et al., 1985) . Therefore only divergences exceeding 1 % will be regarded as significant.
In order to assess variation among strains, only those sequences common to all eight strains were used. The analysis is presented in Tables 2 and 3 .
For the A-region (Table 2a) , the extent of nucleotide sequence divergence among the strains of Acanthamoeba is about equivalent to that between the toad (Xenopus) and the mammals shown, but less than that between vertebrates and the single invertebtate (Artemia) represented.
For the C-region common to all strains of Acanthamoeba, the maximum extent of nucleotide sequence divergence among the strains of amoebae far exceeds that between mammals and the toad, and is closer to that between vertebrates and the invertebrate (Table 2 c) .
Analysis of the B-region is confounded somewhat by the presence of the expansion segment in the Acanthamoeba strains. For comparison with the animal sequence, the expansion segment was removed from the homologous regions of (a) A-region (213 nucleotides) ;  (b the B-region  ( I 16 nucleotides) compared with the B-region excluding the expansion segment  (161 nucleotides) analysis and the comparison was restricted to homologous regions. Here again, the maximum extent of nucleotide sequence divergence among the strains far exceeds that between the mammal and the toad, and is similar to that between the vertebrates and the invertebrate (Table 2 b) . Table 3 shows the extent of nucleotide sequence divergence among strains of Acantharnoeba for the expansion segment, compared with that for the remainder of the B-sequence. The extent of nucleotide sequence divergence in the expansion segment far exceeds that of the remaining sequence by up to 10-fold, and among some strains is so high that alignments of this region are tenuous. Nevertheless, it appears that the expansion segment shows not only a high rate of base substitution, but also a high prevalence of insertion/deletion ( Table 3) .
Variation in the B-region expansion segment
Phy logenet ic relationships
Phylogenetic relationships were assessed using the sequences common to all eight strains (Fig. 1) . The parsimony analysis yielded two equally parsimonious trees, each of 385 steps (consistency index =60%).
Because no other organism sequenced so far has an srRNA similar to that of Acanthamoeba, there is no appropriate outgroup available to root the tree. The strict consensus tree for the two unrooted trees is shown in Fig. 2 . The results of the bootstrap analysis are shown in Fig.  3 . This analysis reveals that the consensus tree is only node weakly supported by bootstrapping (1 0 out of 20 bootstraps) was the one that was ambiguous on the parsimony analysis.
Discussion
Monophyly of the genus Acanthamoeba
The genus Acanthamoeba is characterized by the possession of short, tapering sub-pseudopodia ('acanthopodia') in the amoeboid trophozoite stage and excystment pores sealed by opercula which persist in the vacant cyst wall after excystment. The cyst wall has two layers, with cellulose in the endocyst (inner wall). Morphological features may be convergent, however, especially in unicellular organisms. For example, the amoeba genus Comandonia, which has a similar cyst structure with pores, has recently been placed in a different family from Acanthamoeba (Page, 1988) . Molecular data, and especially nucleotide sequence data, offer the advantage of providing phylogenetic data that are totally independent of morphological data. At the molecular level, Acanthamoeba castellanii is characterized by the presence of large expansion segments in the srRNA. The present study has shown that all seven strains of Acanthamoeba studied possess at least one of these expansion segments, and may possess a second. In the sense of Hennig (1966) , these inserts represent 'synapomorphies', i.e. unique derived character states in common. Their presence argues very strongly for monophyly of the genus, and hence that the morphological features used to diagnose the genus are truly homologous.
Nature of variation in the srRNA of Acanthamoeba
The srRNA of mammals is characterized by three expansion segments (Dams et al., 1988) . Virtually all of the nucleotide sequence variation among the species of mammals for which sequences are available are confined to these expansion segments. Within the vertebrates, the human and Xenopus srRNA genes have an overall divergence of only 2.5%, and humans and rodents have overall divergences of 0.45% (rat) and 0.37% (mouse). However, if we consider just the expansion segments, then the respective figures are Xenopus 6.4%, rat 1.4%, and mouse 1.3% (Gonzalez & Schmickel, 1986) . A similar situation is also found with vertebrate lrRNA (Gonzalez et al., 1985) . Additionally, these expansion segments show a higher rate of insertion/deletion than the rest of the molecule. The hypotheses advanced to explain this evolutionary trend suggest that there are strong selective constraints within the evolutionarilyconserved regions, but that the expansion segments evolve freely without strong functional or structural constraints (Larson & Wilson, 1989) .
The present study has revealed a similar pattern among monophyletic members of the genus Acanthamoeba. Here, the expansion segments show up to 30fold the rate of nucleotide sequence divergence of the remaining regions. It seems that the non-expansion segments are evolving under considerable selective constraint. Even if it is allowed that the expansion segments themselves are evolving in a non-selected (neutral) manner, there must be strong selective constraint on the remainder of the molecule.
Extent of nucleotide sequence divergence among strains of Acanthamoeba
While it is generally accepted that a genus of protists does not encompass the equivalent genetic diversity of (say) a genus of mammals, the actual extent of nucleotide sequence diversity within genera has been poorly documented in lower groups. In a study based on srRNA sequences of the amoeboid genus Naegleria showed that the extent of nucleotide sequence divergence among species was of approximately the same magnitude as that between mammals and frogs. The present study has shown that the extent of the nucleotide sequence divergence of the genus Acanthamoeba is even higherroughly similar to that between vertebrates and invertebrates. Woese (1987) has suggested that the rRNA gene is the 'ultimate molecular chronometer'. While it is unlikely that the srRNA molecule is exhibiting purely clock-like behaviour (Guoy & Li, 1989) it does seem to evolve at a sufficiently uniform rate to be used to provide an approximate time-frame for past cladogenic events.
The vertebrates arose at least 500 million years ago, so the vertebrate-invertebrate divergence is at least this old. Thus, even on a very rough molecular clock, the extant members of the genus Acanthamoeba date back to a common ancestor many millions of years ago. Presumably, rates of morphological evolution in this genus have been very slow indeed.
The extent of divergence of AC-01 3 from AC presents a problem. Nominally, both are the NEFF strain, although they have been separate for nearly 20 years. An investigation of the provenance of the NEFF strains in various laboratories, using other genetic techniques, would clearly be useful.
Phy logene t ic relationships among A cant hamoeba
The validity of and relationships between many of the named Acanthamoeba species are unclear. Isoenzyme studies (Costas & Griffiths, 1980 Daggett et al., 1982; De Jonckheere, 1983) suggest that morphological characters have been interpreted inconsistently and may be inherently unsuitable for species diagnosis. Several species names are certainly synonyms (De Jonckheere, 1983) . In general, these studies used too few enzymes, without formal genetic interpretation, to clarify relationships further.
The three morphological groups of species proposed by Pussard & Pons (1 977) seem to be a more practical use of morphological criteria, albeit at a more superficial level. Most clinical isolates from amoebic keratitis cases belong to group 11, while most from encephalitis cases belong to group 111. If these groups prove to be 'natural' sub-generic groups, they would be useful in sorting strains for more detailed examination in, for example, a rigorous isoenzyme study.
The groups of Pussard and Pons (1977) have been criticized by Costas & Griffiths (1985) , who used a typing scheme based on the semi-quantitative API Zym system. Their study placed A . palestinensis with five group I1 Acanthamoeba species in a single API Zym class (common numerical profile). Other group I1 and group I11 strains and the single group I strain had unique numerical profiles. They mistakenly placed A . hatchetti in group 111. Given that the numerical profiles are essentially phenetic groups, the only serious obstacle to the Pussard and Pons system is the position of A . palest inensis.
The phylogenetic analysis of srRNA sequence in the various strains of Acanthamoeba described here has provided a relatively rigorous unrooted tree of their relationships. Unfortunately, the analysis is dogged by the absence of a suitable outgroup. Nevertheless, the unrooted consensus tree has 12 branches, so there are only 12 possible rooting positions.
The group I strains, A . tubiashi (AC-009) and AC-15 1, are clearly sister taxa. By contrast, A . palestinensis (AC-014) is only distantly related to A . culbertsoni (AC-OOl), the other group I11 strain, confirming the biochemical evidence of Costas & Griffith (1985) . Furthermore, A . palestinensis has a temperature tolerance in the range of group I1 Acanthamoeba (generally < 40 "C), whereas group 111 isolates grow at (at least) 40 "C. A case can be made for modifying the definitions of groups I1 and I11 to include physiological criteria (specifically, temperature tolerance) and to permit morphological convergence of some species. By assigning A . palestinensis to an amended group 11, the tree becomes consistent with the three subgeneric groups. A further qualification is that monophyly of the amended group I11 could not be inferred in any case, since only one strain (AC-001) was included. This analysis does, however, give some confidence in the usefulness of the subgeneric groups of Pussard & Pons (1977) for preliminary identification.
